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Abstract
We describe the first determination of thermal properties and size of the1
M-type asteroid (16) Psyche from interferometric observations obtained with2
the Mid-Infrared Interferometric Instrument (MIDI) of the Very Large Tele-3
scope Interferometer. We used a thermophysical model to interpret our in-4
terferometric data. Our analysis shows that Psyche has a low macroscopic5
surface roughness. Using a convex 3-D shape model obtained by Kaasalainen6
et al. (2002. Icarus 159, 369–395), we derived a volume-equivalent diameter7
for (16) Psyche of 247 ± 25 km or 238 ± 24 km, depending on the pos-8
sible values of surface roughness. Our corresponding thermal inertia esti-9
mates are 133 or 114 J m−2 s−0.5 K−1, with a total uncertainty estimated at10
40 J m−2 s−0.5 K−1. They are among the highest thermal inertia values ever11
measured for an asteroid of this size. We consider this as a new evidence of12
a metal-rich surface for the asteroid (16) Psyche.13
Keywords14
Asteroids; Asteroids surfaces; Infrared observations; Data reduction tech-15
niques.16
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1. Introduction17
Asteroids classified in the X-complex ( in the taxonomies by Bus and Binzel18
2002; DeMeo et al. 2009) are characterized by a visible and near-infrared re-19
flectance spectrum that is essentially featureless and moderately red in the20
[0.3-2.5] micron region. The spectroscopic X-complex can be split into three21
taxonomic classes, E, M and P, according to albedo (Tholen 1984). M-type22
asteroids are distinguished by exhibiting moderate geometric visible albedos23
of about 0.1 to 0.3. Due to the lack of absorption features in the spectrum24
of M-type asteroids, the nature of these objects remains uncertain. Histor-25
ically, M-class asteroids were assumed to be the exposed metallic core of26
differentiated parent bodies that were catastrophically disrupted, and thus27
the source of iron meteorites (Bell et al. 1989; Cloutis et al. 1990). While the28
parent bodies of meteorites are usually assumed to have formed in the main29
belt, Bottke et al. (2006) showed that the iron-meteorite parent bodies most30
probably formed in the terrestrial planet region. Some of the metallic ob-31
jects currently located in the main-belt may thus not be not indegenous and32
possibly remnants of the precursor material that formed the terrestrial plan-33
ets including the Earth. Therefore, those objects play a fundamental role in34
the investigations of the solar system formation theories. Radar observa-35
tions provided strong evidences for the metallic composition of a least some36
M-type asteroids. Very high radar albedos have been measured for various as-37
teroids of this class, consistent with high concentration of metal (Ostro et al.38
1985; Shepard et al. 2008). Moreover, the average density of two multiple39
M-type asteroids, 3.35 g.cm−3 (Descamps et al. 2008) for (22) Kalliope and40
3.6 g.cm−3 (Descamps et al. 2011) for (216) Kleopatra, appeared to be sig-41
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nificantly larger than the density of C-type or S-type asteroids (Carry 2012).42
This is a strong evidence of difference in internal composition between M43
and C-type asteroids. However, recent visible and near-infrared spectro-44
scopic surveys on about 20 M-type asteroids, including those exhibiting high45
radar albedos, detected subtle spectral absorption features on most of them46
(Hardersen et al. 2005; Fornasier et al. 2010). The most common one be-47
ing the 0.9 µm absorption feature, attributed to orthopyroxene, and thus48
indicating the presence of silicate on their surface. From a survey of the49
3 µm spectrum of about 30 M-type asteroids, Rivkin et al. (1995, 2000) also50
found hydration features on a tens of them. On the basis of these obser-51
vations, they suggested that the original “M” class should be divided into52
“M” asteroids that lack hydration features such as (16) Psyche and (216)53
Kleopatra, and “W” asteroids that are hydrated such as (21) Lutetia. All of54
that confirms that most of the objects defined by the Tholen M-class have55
not a pure metallic surface composition but contain other species including56
silicate minerals. Therefore, better compositional constraints for the spec-57
trally featureless bodies like M-type asteroids are essential in order to better58
understand and constrain the thermal, collisional, and migration history of59
Main-Belt Asteroids (MBAs). This includes the detection of additional ab-60
sorption features in their reflectance spectra and the determination of their61
surface properties including surface roughness and in particular thermal in-62
ertia.63
Thermal inertia (Γ) is a measure of the resistance of a material to tem-64
perature change. It is defined by Γ =
√
ρκc, where κ is the thermal con-65
ductivity, ρ the material density and c the specific heat. The value of66
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thermal inertia thus depends on the material properties (see Mueller 2007,67
and references therein for a table of the value of the thermal inertia of68
some typical materials). On one hand, it primarily informs us about the69
nature of the surface regolith: a soil with a very low value of Γ, for in-70
stance in the range between 20 and 50 J m−2 s−0.5 K−1, is covered with71
fine dust like on Ceres (Mueller and Lagerros 1998); an intermediate value72
(150-700 J m−2 s−0.5 K−1) indicates a coarser, mm- to cm-sized, regolith73
as observed on (433) Eros (Veverka et al. 2001a,b) and (25143) Itokawa74
(Yano et al. 2006), respectively; solid rock with very little porosity is known75
to have thermal inertia values of more than 2500 J m−2 s−0.5 K−1 (Jakosky76
1986). On the other hand, thermal inertia can represent a proxy for the77
surface composition, especially due to its dependency on thermal conductiv-78
ity and specific heat. This is particularly important in the context of the79
M-type asteroids study since metal is an excellent thermal conductor, po-80
tentially leading to an enhanced thermal inertia. The study of Opeil et al.81
(2010) showed that thermal conductivity is significantly higher for iron me-82
teorites than for non-metallic ones. This motivates our work of determining83
thermal inertia on M-type asteroids such as (16) Psyche to assess the change84
in thermal inertia for asteroids of different composition but having a simi-85
lar size, knowing that the presence and thickness of the surface regolith is86
generally assumed to depend on the asteroid’s size (see, e.g., Bottke et al.87
2005).88
The asteroid (16) Psyche is the largest known M-type asteroid, with an89
IRAS diameter of 253± 4 km (Tedesco et al. 2002). Nevertheless, many size90
estimates have been reported during the last decade. Cellino et al. (2003) de-91
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rived an area equivalent diameter of 288±43 km based on speckle interferome-92
try; Lupishko (2006) derived a diameter of 213 km based on considerations on93
its polarimetric albedo; from adaptive-optics imaging, Drummond and Christou94
(2008) derived a volume equivalent diameter of 262 ± 6 km; Shepard et al.95
(2008) derived a volume equivalent diameter of 186± 30 km based on radar96
imaging; from the analysis of medium infrared data from the AKARI satellite97
by means of the Standard Thermal Model (Lebofsky et al. 1986), Usui et al.98
(2011) derived a diameter of 207±3 km; finally, Durech et al. (2011) derived99
a volume equivalent diameter of 211±21 km by combining a shape model de-100
rived by lightcurve inversion with occultation observations of (16) Psyche. In101
any case, Psyche appears to be significantly larger than the 30-90 km diam-102
eter expected for the metallic core of a differentiated asteroid (Rivkin et al.103
2000), questioning a purely metallic nature for this asteroid. All those size104
measurements led to significant differences between the average bulk den-105
sity estimations reported in the literature. They range from 1.8±0.6 g.cm−3106
(Viateau 2000) to 3.3±0.7 g.cm−3 (Drummond and Christou 2006) and even107
6.58 ± 0.58 g.cm−3 (Kuzmanoski and Kovacˇevic´ 2002), value which is more108
in agreement with a metallic composition and a very low macroporosity.109
Nevertheless, by combining all the independent size and mass estimates, an110
average density of 3.36± 1.16 g.cm−3 was found (Carry 2012). This is com-111
parable to the density estimates reported for other M-type asteroids like112
(22) Kalliope (Descamps et al. 2008) and (216) Kleopatra (Descamps et al.113
2011). In addition, (Shepard et al. 2010) measured a high radar albedo of114
0.42, which is indicative of a metal-rich surface. However, the detection of115
a 0.9 µm absorption feature suggested the presence of silicates on its sur-116
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face (Hardersen et al. 2005). In this context, Hardersen et al. (2005) and117
Shepard et al. (2010) suggested that (16) Psyche may be a collisional aggre-118
gate of several objects, including partial or intact metallic cores that have119
retained a portion of their silicate-rich.120
To put tighter constrains on the nature of (16) Psyche, we used mid-121
infrared interferometry to determine the thermal properties of this asteroid,122
and refine its size measurements. Interferometry basically provides direct123
measurements of the angular extension of the asteroid along different direc-124
tions (Delbo et al. 2009). Interferometric asteroid observations in the ther-125
mal infrared, where the measured flux is dominated by the body’s thermal126
emission, are sensitive to the surface temperature spatial distribution in dif-127
ferent directions on the plane of the sky. The typical spatial resolution is128
about 0.06 ′′in the case of our Psyche observations. As the surface tem-129
perature distribution of atmosphereless bodies is affected by thermal inertia130
and surface roughness, interferomeric thermal infrared data can be used to131
constrain these parameters. In particular, thermal infrared interferometry132
can help to remove the degeneracy existing between the effect of the ther-133
mal inertia and surface roughness in one single epoch (see Figs. 7 and 8 in134
Matter et al. 2011), providing that we have several interferometric measure-135
ments with different projected baseline lengths and orientations, during the136
asteroid rotation. Thermal properties (thermal inertia and surface rough-137
ness) can thus be better constrained by thermal infrared interferometry in138
combination with the classical disk-integrated radiometry. In this context, we139
obtained interferometric data on (16) Psyche using the MIDI instrument com-140
bining two of the Auxiliary Telescopes (ATs) of the VLTI. As in Matter et al.141
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(2011), a thermophysical model (TPM), taking into account the asteroid’s142
orbit, spin, shape, and heat diffusion into the subsurface, was used for the143
analysis of the whole data set.144
In section 2 we report the observations and the data reduction process145
that we adopted; in section 3 we briefly remind the principles of the thermo-146
physical model used for the interpretation of MIDI data, and we detail the147
shape models that we used; in section 4, we present our results, followed by148
a discussion in section 5.149
2. Observations and data reduction150
2.1. Observations151
The observations of (16) Psyche were carried out in visitor mode, on152
2010 December 30. Two ATs were used in the E0-G0 configuration (base-153
line B = 16 m). Sky quality was relatively good and stable during those154
nights (see Table 1). We adopted the typical observing sequence of MIDI,155
which is extensively described by Leinert et al. (2004). For each of the five156
observing epochs of (16) Psyche (indicated in Table 1), we obtained one mea-157
surement of the total flux and of the interferometric visibility, both dispersed158
over the N-band, from 8 to 13 µm. We used the HIGH-SENS mode, where159
the total flux of the source is measured right after the fringe tracking and160
not simultaneously. To disperse the fringes, we used the prism of MIDI,161
which gives a spectral resolution of λ
∆λ
≈ 30 at λ = 10 µm. Our observa-162
tions also included a mid-infrared photometric and interferometric calibrator163
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HD 29139, taken from the ESO database using the Calvin tool 2, which is164
the calibrator selector for the VLTI instruments (MIDI and AMBER). We165
remind that interferometric calibrators are stars that have small and known166
angular diameter, so that their visibility is close to unity at all wavelengths.167
This calibrator was chosen to have a minimum angular separation with the168
source (≈ 3 ◦) and a similar airmass, as shown in Table 1. This Table also169
summarizes the log of observations, with the corresponding interferometric170
parameters.171
172
[Table 1 about here.]173
2.2. Data reduction174
Extraction and calibration of the flux and visibility measurements of (16)175
Psyche were performed using the data reduction software package EWS (Ex-176
pert WorkStation). This publicly available3 software performs a coherent177
analysis of dispersed fringes to estimate the complex visibility of the source.178
The method and the different processing steps are described in Jaffe (2004).179
The calibration of the fluxes and visibilities was performed using the closest180
calibrator observation in time. Calibrated fluxes of (16) Psyche were ob-181
tained by multiplying the ratio target/calibration star raw counts, measured182
by MIDI at each wavelength, by the absolute flux of the calibrator. The183
absolutely calibrated infrared spectrum of our calibrator was taken from a184
2Available at http://www.eso.org/observing/etc/
3Software package is available at http://home.strw.leidenuniv.nl/˜jaffe/ews/index.html
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database created by R. van Boekel, which is initially base on infrared tem-185
plates created by Cohen et al. (1999). More details can be found in Verhoelst186
(2005). The instrumental visibilities of (16) Psyche correspond to the ratio187
of the source raw correlated flux and the source raw photometric flux. The188
calibrated visibilities of (16) Psyche were then derived by dividing the in-189
strumental visibility by the visibility measured on the calibrator for each ob-190
serving epoch. We refer the reader to Delbo et al. (2009) for a more detailed191
description of the data reduction and calibration of MIDI interferometric192
data.193
The five calibrated flux and visibility measurements of (16) Psyche are shown194
in Fig 1. The error bars represent the statistical noise contribution affecting195
the correlated and total flux measurements. It is estimated by splitting a196
complete exposure, consisting of several thousand of frames, into five equal197
parts and deriving the variance of these sub-observations. In the error bud-198
get, we neglected the error due to the variability of the interferometer transfer199
function during the night. However this is not a problem since, by computing200
the rms of the transfer function, i.e., the instrumental visibility provided by201
the calibrator observations, we found a very good stability all over the night.202
2.3. Observational results203
[Figure 1 about here.]204
At each observing epoch, the corresponding visibility is pretty low (≈ 0.1−205
0.4), thus indicating that the object is very well resolved by MIDI. More-206
over we can notice a significant decrease of the visibility level between the207
first and second epochs, which are separated by 2h30, and then only slight208
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changes in the visibility shape and level for the next epochs. This behaviour209
can be explained by the increase of the length of the projected baseline210
during the observing night (see Table 1), combined to the evolution of the211
projected baseline orientation and the asteroid rotation. For instance, the212
difference between the first and last visibility measurements is mainly due to213
the increase of the projected baseline length since our observations covered214
a complete rotation of the asteroid (≈ 4.2 h), without a significant evolu-215
tion of the baseline orientation. This is illustrated in Figure 2, where we216
represented the expected orientation of (16) Psyche at the time of the VLTI217
observations. Here, we considered the two existing pole solutions derived by218
Kaasalainen et al. (2002) and that we detail hereafter in Section 3.219
[Figure 2 about here.]220
3. Thermophysical modeling221
The thermophysical modeling of interferometric data is extensively de-222
scribed in Matter et al. (2011, and references therein), and here we briefly223
remind its principles, along with the shape model we used for this modeling.224
The thermal inertia and macroscopic roughness of an asteroid can be derived225
by comparing measurements of the thermal-infrared flux and interferometric226
visibility of the body to synthetic fluxes and visibilities generated by means227
of a thermophysical model (TPM). A TPM uses the spin vector information228
to orient a 3-D shape model, composed of a mesh of planar facets, at the229
time of the observing epochs. The temperature of each facet is calculated by230
solving the one-dimensional heat diffusion equation (where the heat diffusion231
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is between the surface and the shallow subsurface) using presets thermal in-232
ertia values. Surface roughness is modeled by adding hemispherical craters of233
variable opening angle, γc, and surface density, ρc. As for Delbo and Tanga234
(2009), thermal conduction within the craters is also modeled. Albedo, ther-235
mal inertia, surface roughness and emissivity are assumed constant over the236
asteroid’s surface. We remind that emissivity, noted hereafter ǫ, has nor-237
mally directional properties and drops at higher viewing angles, in particular238
at the limb of objects having a smooth surface (see e.g., Jakosky et al. 1990).239
However, we expect it to be a second-order effect since the limb normally con-240
tributes much less to the thermal emission than the nadir, especially if the241
object was observed under a low solar phase angle like for our observations242
of (16) Psyche. We also assumed ǫ achromatic and equal to 0.9, which is a243
typical value for silicate powders and is commonly assumed for the surface of244
asteroids (Emery et al. 2006; Mueller 2007). However, regarding the possible245
metallic nature of the Psyche’s regolith, it is worth mentioning that metals246
have usually emissivities lower than 0.9 depending on their state of roughness247
and porosity. For instance, powdered iron at a temperature of 300 K and with248
a porosity similar to the lunar regolith (≈ 50%), has ǫ ≈ 0.8 (Sih and Barlow249
2004). Assuming that the regolith of (16) Psyche is purely ferrous, we thus250
ran in parallel our TPM with ǫ = 0.8. As a result, only tiny changes were251
observed in terms of size, thermal inertia and surface roughness. Moreover,252
silicate material was detected on the Psyche’s surface (Hardersen et al. 2005),253
and could increase the surface emissivity. Therefore, we finally kept ǫ = 0.9254
for the thermophysical modeling of (16) Psyche.255
Following the procedure described in Matter et al. (2011), the best-fit value256
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of a, which is the linear mesh scale factor, for each discrete value of Γ and257
each roughness model can be found by minimizing a χ2 function taking into258
account both the integrated flux and the interferometric visibility. Then,259
the location of the minimum χ2 as a function of Γ gives the best-fit asteroid260
surface thermal inertia for each roughness model. Eventually, the value of a261
at Γ-minimum is used to determine the best-fit value of the volume equiv-262
alent diameter of the mesh, D∨ = 2
(
3∨
4pi
) 1
3 , where ∨ is the volume of the mesh.263
264
Two convex mesh were downloaded from the Database of Asteroid Mod-265
els from Inversion Techniques4 (DAMIT, see Durech et al. 2010). Both shape266
models are characterized by a sidereal rotation period (P), and a pole solution267
giving the spin axis direction, which was initially derived by Kaasalainen et al.268
(2002) from inversion of optical lighcurves. Note that while inversion of op-269
tical lightcurves reconstruct the 3D shape of an asteroid, these shapes are270
convex by construction and do not provide any size information. The models271
derived from the optical lightcurves inversion are thus scaled to unity vol-272
ume. Later on, the two shape models of (16) Psyche were refined and scaled273
by Durech et al. (2011) using occultation data. The associated two possible274
pole solutions are:275
• solution 1: λ0=32◦ β0=-7◦, P=4.195948 h276
• solution 2: λ0=213◦ β0=0◦, P=4.195948 h277
where λ0 and β0 are the ecliptic longitude and latitude of the spin axis di-278
rection (J2000.0, in degree), and P is the sidereal rotation period. The279
4 http://astro.troja.mff.cuni.cz/projects/asteroids3D/
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corresponding volume-equivalent diameters, derived from occultation data,280
are 211 ± 21 km (solution 1) and 209 ± 29 km (solution 2). Interestingly,281
Durech et al. (2011) reported that only the first pole solution reported by282
Kaasalainen et al. (2002) was consistent with all the occultation chords.283
Moreover, Hanus et al. (2012) identified the same best pole solution from284
comparison of adaptive-optics images and the shape models. They derived285
an equivalent diameter of 209± 9 km. In parallel, Kaasalainen et al. (2002)286
suggested the existence of albedo variegations over the surface of (16) Psy-287
che. They detected the signature of a bright spot of moderate size, which is288
about 30% brighter than the rest of the surface. However, albedo variega-289
tions have little effect on the thermal emission. In particular, by increasing290
the geometric visible albedo of 30%, the 10 µm flux vary by about 2%, which291
is within the error bars of our MIDI measurements. Therefore, the assump-292
tion of thermal homogeneity (thermal inertia, surface roughness) over the293
asteroid surface should not be affected by this bright spot.294
Using both shape models, the TPM was run for each roughness model,295
and thermal inertia values of 5, 10, 25, 50, 75, 100, 125, 150, 175, 200, 300,296
400, 500, 750 and 1000 J m−2 s−0.5 K−1. The roughness models we used297
are: ‘no roughness’ (γc = 0
o, ρc = 0), ‘low roughness’ (γc = 45
o, ρc = 0.5),298
‘medium roughness’ (γc = 68
o, ρc = 0.75), and ‘high roughness’ (γc = 90
o,299
ρc = 1.0). Then the fit procedure described in section 3 was applied to the300
measured fluxes and visibilities, each of them containing 47 points between301
8 and 13 µm. The flux and visibility measurements shown in Figure 1 are302
the inputs of the thermophysical model.303
In the next section we describe and discuss the results obtained from the304
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application of the TPM to the observed visibilities and fluxes of (16) Psyche.305
4. Results306
Fig. 3 shows our reduced χ2 estimator as a function of Γ for the four dif-307
ferent roughness models, in the case of the two pole solutions described above.308
309
[Figure 3 about here.]310
We note that a surface with a low or no macroscopic roughness and a311
value of thermal inertia of about 130 J m−2 s−0.5 K−1 give the best fit to312
the observations, for both pole solutions. However, it clearly appears that313
the pole and shape solution 1 gives a better fit to our MIDI data than the314
pole and shape solution 2, by a factor of about 5. This is in agreement with315
the conclusions of Durech et al. (2011) and Hanus et al. (2012) who favored316
the first pole solution. Therefore, we adopt the pole and shape solution 1 for317
the determination of thermal properties of (16) Psyche.318
To refine the estimation of the best-fit thermal inertia values, we ran319
the TPM for additional values, namely, Γ = 105, 110, 115, 120, 130, 135,320
140, 145, 155, 165. Then, using a polynomial interpolation, we found the321
minima of the ‘no roughness’ and ‘low roughness’ models at Γ=133 and322
114 J m−2 s−0.5 K−1, respectively. The reduced χ2 values of those two best-323
fit models are 3.26 and 3.14, respectively. To obtain the best-fit values forD∨,324
we multiplied the volume-equivalent diameter of the mesh (211 km) by the325
best-fit scale factor values we got from our fit, namely 1.17 and 1.13 for the326
‘no roughness’ and ‘low roughness’ models, respectively. The corresponding327
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values of D∨ are 247 and 238 km, with associated pV values of 0.12 and 0.13,328
respectively; for the calculation of pV , we considered an absolute magnitude329
H of 5.93 according to Pravec et al. (2012). In parallel, we also forced the330
volume equivalent diameter of the mesh to its nominal value (211 km for the331
solution 1) in order to assess its effect on our thermal inertia determination.332
We thus fixed the mesh scale factor to 1, and recalculated a χ2 value for333
each roughness model and thermal inertia value. It appeared that the fit to334
the visibility and flux measurements is significantly worse for any roughness335
model (χ2red ≥ 50) while the best-fit values for thermal inertia are slightly336
lower (between 90 and 110 J m−2 s−0.5 K−1). In Fig. 1 we plot the visibility337
and flux of the best-fit model (‘low roughness’, Γ = 114 J m−2 s−0.5 K−1,338
D∨ = 238 km, pV = 0.13), in addition to the measured fluxes and visibilities339
of (16) Psyche. We note that our model represents well the observed flux340
except for the long-wavelength edge of the N band. Indeed, for the second341
and fifth observing epochs, the TPM flux is greater than the measured one342
by roughly 10% at 13 µm. This ‘offset-like’ mismatch may come from an343
underestimation of the total flux of the source by MIDI, due to a bad es-344
timation and subtraction of the thermal background (and its fluctuations),345
which is dominant in the mid-infrared (see, e.g., Perrin et al. 2003). This346
is especially problematic around 13 µm where the atmospheric transmission347
starts to be degraded by water absorption lines. Since the MIDI correlated348
flux measurements are usually not very much affected by background sub-349
traction (see e.g., Chesneau 2007), an underestimation of the photometry350
would bring an increase in the visibility. However, since the fringe contrast351
is low, this effect is not noticeable in our visibility measurements. The fit352
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to the visibilities generally appears good and follow the same trend as the353
measurements, confirming the good match of the shape model to the inter-354
ferometric data.355
In order to search for the presence of possible emission features in the356
mid-infrared spectrum of (16) Psyche, we plotted in Figure 4 the ratio be-357
tween the MIDI flux measurement and our best-fit TPM for each observing358
epoch. Only the first epoch shows marginal detection of a possible emission359
feature between 8 and 10 µm that could be associated with the Christiansen360
peak around 9 um. The error bars shown in Figure 4 represent the statisti-361
cal uncertainty affecting the MIDI measurements. However, bad estimation362
and removal of the strong thermal background over the N band and/or the363
atmospheric ozone absorption feature around 9.6 µm can imply additional364
uncertainties of the order of 10% on the absolute level of MIDI photometry365
measurements (see e.g., Chesneau 2007). We thus think this most likely ap-366
plies to the ‘absorption feature’ around 9.6 µm in the fifth epoch plot, and367
then probably also to the ‘emission’ pattern between 8 and 10 µm in the368
first epoch plot. As a consequence, we cannot report with confidence the369
detection of an emission feature in the mid-infrared spectrum of (16) Psyche.370
[Figure 4 about here.]371
To estimate the statistical uncertainty affecting the fit parameters Γ and372
D∨, we followed the Monte-Carlo procedure described in Matter et al. (2011):373
200 normally distributed flux and visibility values per observation were gen-374
erated at each wavelength, with average and standard deviation matching375
the data within their respective 1-σ uncertainty; then for each set of fluxes376
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and visibilities, a new χ2 was computed; finally we took the standard devia-377
tion of the best-fit Γ and D∨ values, found for all the synthetic data set, as378
the 1-σ uncertainty on our best-fit value for Γ and D∨. As a result we find379
Γ = 133± 2 J m−2 s−0.5 K−1, D∨ = 247± 1 km as the best fit solution for a380
model without roughness; and Γ = 115± 2 J m−2 s−0.5 K−1, D∨ = 238± 1381
km as the best fit solution for a model with a low roughness. Therefore,382
the 1-σ statistical error from the Monte Carlo procedure is about 1% on the383
volume equivalent diameter and 2% on the thermal inertia. This is very low,384
as expected from the statistical noise affecting the MIDI measurements, and385
probably underestimates the true uncertainty on our thermal inertia and di-386
ameter estimates. Indeed, in thermophysical modeling, this uncertainty is387
generally dominated by the model systematics, as this was the case for the388
first thermophysical modeling of the interferometric data of (41) Daphne.389
Matter et al. (2011) estimated such a systematic error to be of about 7%390
on the diameter, taking into account only the contribution from the sur-391
face roughness modeling. In the case of (16) Psyche, the model systematics392
due to the surface roughness modeling is estimated by considering the two393
plausible solutions in terms of our best-fit indicator, i.e., no roughness and394
Γ=133 J m−2 s−0.5 K−1, and low roughness and Γ=114 J m−2 s−0.5 K−1.395
The corresponding uncertainty would thus be 9 km, i.e., 3% in relative un-396
certainty for D∨, and 19 J m
−2 s−0.5 K−1, i.e., 15% in relative uncertainty397
for Γ. However, the systematic uncertainty budget probably includes ad-398
ditional contributions from the spin solution, the assumption of isotropic399
emissivity, the shape model itself and especially the albedo variegations that400
impact the optical lightcurves inversion process. This last point may be im-401
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portant here since Kaasalainen et al. (2002) found evidences of a bright spot402
(about 30% brighter) on one side of the (16) Psyche’s surface. However, we403
could not properly estimate the contribution of these sources of uncertainty404
in the TPM. Therefore, we finally adopted a conservative error value of 10%405
in D∨, as generally considered in other thermophysical models (see, e.g.,406
Mueller et al. 2010; Marchis et al. 2012). For thermal inertia, we estimated407
a conservative uncertainty of 40 J m−2 s−0.5 K−1, based on the shape of408
the χ2 curve around the minima of the ‘no roughness’ and ‘low roughness’409
models (see Figure 3). The uncertainty on the pV values are derived using410
the 10% relative error on D∨. Table 2 summarizes our results.411
412
[Table 2 about here.]413
5. Discussion414
5.1. Size and albedo415
The best-fit values of D∨ obtained from our TPM analysis of MIDI data,416
247±25 km and 238±24 km, presents an offset of about 30 km with the nom-417
inal value (211± 21 km). Even though these values are in agreement within418
the error bars, our TPM results seem to favor a larger diameter for (16) Psy-419
che. We remind that the condition of convexity, imposed by the lightcurve420
inversion technique (see Kaasalainen and Torppa 2001), may introduce such421
a systematic bias on the size determination when large concavities are present422
on the asteroid surface. In this case, the volume-equivalent diameter obtained423
when using a convex shape will overestimate the ‘true’ volume and then the424
size of the asteroid. In our preceding analysis of (41) Daphne with MIDI425
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(Matter et al. 2011), we faced a similar situation. The volume-equivalent di-426
ameter derived with a convex shape model was overestimated, and the use of427
a more detailed shape model, including concavities (Carry 2009), solved this428
discrepancy. Although the diameter values of 247 km and 238 km we derived429
here are close to the average diameter of all reported estimates for Psyche430
(247±19 km, see Carry 2012), we expect the real value to be somehow smaller.431
432
Using our TPM diameter estimation, we derived a geometric visible albedo433
value in the range between 0.12 and 0.13. As expected from the IRAS and434
AKARI size estimates, our estimate lies between the values derived from435
those surveys, namely 0.120± 0.004 and 0.18± 0.01, respectively. Those val-436
ues are not identical within uncertainties. This discrepancy is probably due437
to the fact that we are comparing our volume equivalent diameter estimate438
with instantaneous area equivalent diameters measured at different epochs.439
Nevertheless, those albedo values are in good agreement with the M-type440
taxonomic type of (16) Psyche (by definition, M-types have an albedo be-441
tween 0.075 and 0.30).442
443
5.2. Thermal properties444
As detailed in the introduction, infrared interferometry can spatially445
probe the asteroid surface temperature distribution in different directions446
at high angular resolution. Used in combination with infrared radiometry,447
it can help to remove the degeneracy existing in our contraints of thermal448
inertia and surface roughness and this at one single epoch, as already shown449
in Matter et al. (2011).450
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We obtained good constraints on the determination of macroscopic rough-451
ness of (16) Psyche. Both no- and low- roughness models appears equally452
good in terms of our best-fit estimator. We estimate that the corresponding453
mean surface slope, as defined by Hapke (1984), should be lower than 10◦ for454
(16) Psyche. A high macroscopic roughness is discarded. We remind that the455
roughness is at scales ranging from several centimeters to a fraction of the456
length of a facet, the latter being of the order of 10 kilometer. Interestingly,457
radar data reported by Shepard et al. (2008) give a very low polarization458
ratio of 0.06 ± 0.02 for (16) Psyche, which indicates a smooth surface with-459
out significant radar-wavelength-scale surface roughness. Nevertheless, this460
agreement has to be considered with caution since the macroscopic surface461
roughness probed by infrared interferometry may be at a scale different than462
that constrained by radar observations.463
In addition, our TPM analysis indicates that (16) Psyche has a thermal464
inertia value lying between 114 ± 40 and 120 ± 40 J m−2 s−0.5 K−1. This465
is significantly larger than the thermal inertia values generally measured on466
main-belt asteroids larger than 100 km in diameter (see Figure 5). Indeed,467
large main-belt asteroids such as (1) Ceres, (2) Pallas, (3) Juno, (4) Vesta,468
(21) Lutetia, (41) Daphne, (65) Cybele, or (532) Herculina present a very low469
thermal inertia, between 5 and 30 J m−2 s−0.5 K−1(Mueller and Lagerros470
1998; Mu¨ller and Blommaert 2004; Lamy et al. 2010; Matter et al. 2011).471
Mueller et al. (2010) also measured a low thermal inertia of472
20 ± 15 J m−2 s−0.5 K−1for the large binary Trojan (617) Patroclus. More473
recently, Marchis et al. (2012) also found thermal inertia potentially lower474
than 100 J m−2 s−0.5 K−1 for 200 km-class main-belt asteroids, except475
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for the M-type asteroid (22) Kalliope, which could exhibit a higher value476
(Γ = 5 − 250 J m−2 s−0.5 K−1). One exception is the asteroid (694) Ekard477
for which Delbo and Tanga (2009) determined a thermal inertia value around478
100-140 J m−2 s−0.5 K−1. However, the TPM fit to the IRAS data for this479
asteroid was the worst among those studied in that work, indicating that the480
thermal inertia value for (694) Ekard might be less accurate compared to the481
other values derived for asteroids with sizes larger than 100 km. All those482
measurements imply that the surfaces of those large bodies are likely covered483
by a thick layer of fine-grained dust regolith. This is expected for such large484
bodies that can gravitationally retain on their surface loose material like thin485
dust produced from impact ejecta. On the other hand, smaller asteroids of486
a few km or tens of km in size have lower gravity and are expected to retain487
less regolith from impacts.488
In general, existing measurements shows a decrease in the thermal inertia489
value with increasing asteroid diameter (see e.g., Delbo et al. 2007; Delbo and Tanga490
2009). This suggests that the thermal inertia of asteroids is mainly controlled491
by the dusty nature of the asteroid surface rather than other physical param-492
eters associated to the nature of the material itself. This especially concerns493
thermal conductivity as thermal inertia only varies as the square root of494
the conductivity. Since (16) Psyche is a large main-belt asteroid, its surface495
should be also covered by such a thick and thermally insulating dust regolith,496
which would imply a low thermal inertia. Therefore, the high thermal in-497
ertia value we measured strongly suggests a significant difference in terms498
of composition, so that it would sufficiently increase the thermal conductiv-499
ity of its surface and then its thermal inertia. This may also explain the500
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potentially high thermal inertia (5-250 J m−2 s−0.5 K−1) measured for the501
large M-type asteroid (22) Kalliope (Marchis et al. 2012). As stated in the502
introduction, metal is an excellent thermal conductor, potentially leading to503
an enhanced thermal inertia. In this context, Opeil et al. (2010) measured504
the thermal conductivity of a sample of meteorites including two ordinary505
chondrites, one enstatite chondrite, two carbonaceous chondrites and one506
iron meteorite. They showed that the thermal conductivity, at low temper-507
atures (5 to 300 K), of iron meteorites is much higher, by about one order508
of magnitude, than the one of stony meteorites, especially the ordinary and509
carbonaceous chondrites. Interestingly, one order of magnitude difference in510
thermal conductivity corresponds to a factor 3 to 4 in thermal inertia, which511
is roughly the discrepancy between our thermal inertia measurement for (16)512
Psyche, around 120 J m−2 s−0.5 K−1, and the average thermal inertia of other513
large main-belt asteroids, around 30 J m−2 s−0.5 K−1. As a consequence, a514
metallic surface composition appears as a realistic explanation for the high515
thermal inertia we measured on the surface of (16) Psyche. Our results thus516
constitute a new evidence of the metal-rich composition of (16) Psyche, and517
confirm the previous radar studies on this object (e.g., Shepard et al. 2010).518
519
[Figure 5 about here.]520
We show in Fig. 5 all the existing thermal inertia measurements of main-521
belt asteroids larger than 100 km in diameter, including our measurement522
for (16) Psyche. We can see that the two M-type asteroids of the list, (16)523
Psyche and potentially (22) Kalliope, somehow sticks out from the thermal524
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inertia range of large MBAs. This difference is even noticeable with P-type525
asteroids, which show thermal inertia values comparable to the one of C-526
complex and S-complex asteroids. This is in agreement with the expectation527
that P-type asteroids have surface materials rich in carbon and/or organics528
(Vilas and Smith 1985; Hiroi et al. 2004), which are less thermally conduc-529
tive. Figure 5 thus illustrates how the relation between size and thermal530
inertia, highlighted for instance in Delbo and Tanga (2009), can be modi-531
fied when asteroids with similar sizes but different compositions, especially532
metallic, are considered.533
534
6. Summary535
We have obtained the first successful interferometric observations of the536
M-type asteroid (16) Psyche using the MIDI instrument and the 16m-long537
baseline E0-G0 of the VLTI.538
Following the work of Matter et al. (2011), we applied our thermophysical539
model (TPM) to the MIDI observations of (16) Psyche to derive its size540
and the thermal properties of its surface. Using the convex shape model of541
Kaasalainen et al. (2002), our TPM results indicate that Psyche has a vol-542
ume equivalent diameter between 238 ± 24 and 247 ± 25 km, depending on543
the assumed surface roughness.544
545
Our analysis also showed that a low macroscopic surface roughness is546
clearly favored by our interferometric observations, and that ‘high rough-547
ness’ models are discarded. With such a constraint on the macroscopic548
25
roughness, the TPM results indicate a high thermal inertia for (16) Psy-549
che, of 130 J m−2 s−0.5 K−1(‘no roughness’) or 114 J m−2 s−0.5 K−1(‘low550
roughness’), with a total uncertainty estimated at 40 J m−2 s−0.5 K−1. This551
is one of the highest thermal inertia ever measured for a 200 km-class aster-552
oid. This is in clear contradiction with previous results indicating that the553
surface of asteroids with sizes larger than 100 km have a low thermal iner-554
tia. As metal is an excellent thermal conductor, we expect this high thermal555
inertia to be another evidence of the metallic composition of (16) Psyche, as556
previously inferred from radar studies. This reinforces the hypothesis of (16)557
Psyche as originated from the fragmentation of the iron core of a differenti-558
ated parent body or more likely, considering its size, from the collision and559
aggregation of several objects, with at least one of them being purely metallic.560
561
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Figure 1: Left panels: measured thermal infrared fluxes (with error bars) and best-fit
TPM infrared fluxes (solid lines) of (16) Psyche, plotted between 8 and 13 µm. Right
panels: measured mid-infrared interferometric visibilities (with error bars) and best-fit
TPM visibilities (solid lines) of (16) Psyche, plotted as a function of angular frequency.
The best-fit model represented here is : ‘low roughness’, Γ = 115 J m−2 s−0.5 K−1. For
each pair of flux and visibility measurements, we indicated the label (‘1’, ‘2’, ‘3’, ‘4’, ‘5’)
of the corresponding observing epoch, as defined in Table 1.
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Figure 2: Representation of the expected orientation of (16) Psyche along with the pro-
jected baseline orientation at the time of the VLTI observations, on the plane of the sky;
the North (N) and East (E) directions are indicated. We used the convex mesh and the
two existing pole solutions derived by Kaasalainen et al. (2002) and detailed in Section 3.
For each epoch, we indicated the corresponding label (1 to 5), as defined in Table 1.
39
020
40
60
80
100
R
e
d
u
c
e
d
c
2
Thermal inertia (SI)
10 1000100
No roughness
Low roughness
Medium roughness
High roughness
Solution 1
0
20
40
60
80
100
R
e
d
u
c
e
d
c
2
Thermal inertia (SI)
10 1000100
No roughness
Low roughness
Medium roughness
High roughness
Solution 2
Figure 3: Left: plot of the reduced χ2, calculated from the TPM in the case of the
first pole solution, as a function of thermal inertia Γ, for the four roughness models (see
Section 3). Right: reduced χ2, calculated from the TPM in the case of the second pole
solution.
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of the continuum (dashed line) is at 1.
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Figure 5: Compilation of the existing thermal inertia measurements of main-belt as-
teroids larger than 100 km in diameter. We included our new measurement for (16)
Psyche. We indicated the taxonomic type (C-complex, S-complex and V-type) of each as-
teroid following Bus and Binzel (2002); DeMeo et al. (2009). We separated the X-complex
into M-type and P-type asteroids, following the Tholen classification, to emphasize the
higher thermal inertia of M-type asteroids. We also mention the corresponding refer-
ences for each measurement: (1) Mueller and Lagerros (1998), (2) Marchis et al. (2012),
(3) Leyrat et al. (2012), (4) Mu¨ller and Blommaert (2004), (5) Matter et al. (2011), (6)
Mueller et al. (2010), (7) Delbo and Tanga (2009), (8) O’Rourke et al. (2012).
42
List of Tables797
1 Observation log . . . . . . . . . . . . . . . . . . . . . . . . . . 44798
2 Thermal properties . . . . . . . . . . . . . . . . . . . . . . . . 45799
43
Object Date PBL PBLA seeing airmass Label
(UT) (m) (◦) (′′)
HD 29139 2010-12-30 00:24 11.3 82.0 1.50 1.70 Calib
(16) Psyche 2010-12-30 00:48 11.88 82.7 1.15 1.60 1
HD 29139 2010-12-30 02:59 14.4 79.0 1.00 1.40 Calib
(16) Psyche 2010-12-30 03:18 15.8 74.1 0.70 1.37 2
(16) Psyche 2010-12-30 03:30 16.0 73.3 0.75 1.37 3
(16) Psyche 2010-12-30 03:40 16.0 72.6 0.70 1.39 4
HD 29139 2010-12-30 03:58 15.9 70.5 0.60 1.40 Calib
HD 29139 2010-12-30 04:33 15.6 67.5 0.64 1.50 Calib
(16) Psyche 2010-12-30 04:51 15.5 66.5 0.75 1.60 5
Table 1: Log of the observations for (16) Psyche and its calibrator HD 29139, both observed
with two ATs in E0-G0 configuration. PBL and PBLA stand for Projected BaseLine, and
Projected BaseLine Angle, respectively. The last column gives a label for each interfero-
metric observation of (16) Psyche, the label ‘Calib’ indicating a calibrator observation.
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Roughness model Reduced χ2 Γ D∨ pV
(J m−2 s−0.5 K−1) (km)
No roughness 3.3 133± 40 247± 25 0.12± 0.02
Low roughness 3.2 114± 40 238± 24 0.13± 0.03
Table 2: Results of the determination of physical properties of the asteroid (16) Psyche,
using the TPM. Γ is the thermal inertia, D∨ is the spherical volume equivalent diameter,
and pV is the geometric visible albedo. The errors represent an estimation of the dominant
contribution of the model systematics, as explained in Section 4.
45
